Horizontal optokinetic responses of pigmented rats were studied both in intact animals and in animals that had received lesions of the visual area of the cerebral cortex. In response to uniform velocity stimulation, there was an initial phase of rapid acceleration, larger than that reported in earlier studies, followed by a period of fairly uniform acceleration until the eye velocity approached that of the stimulus. As reported previously, responses to monocular stimulation were highly asymmetric, with the responses to nasotemporal stimulation being much weaker than those to temporonasal stimulation. Responses to sinusoidal stimulation were also studied. No significant effect of cortical lesions on the responses was seen. @ 1997
INTRODUCTION
Compensatory eye movements such as those of the vestibule-ocular reflex (VOR) and the optokineticreflex (OKR) reduce the movement of the images of the external world across the retina. To minimise image movement it is important that the two eyes move in the head at the same velocity and with a magnitudeas near as possible equal to that of the stimulus; in the same direction as the stimulusfor the OKR and in the opposite direction for the VOR. When rotation, either of the head or of the visual world about the stationary head, takes place about a vertical axis, the visual world moves in the temporonasal direction for one eye and in the nasotemporal direction for the other.
The eye movements evoked by uniform velocity optokinetic (OK) stimuli consist of a nystagmus and have been investigated in a number of mammals. Features of this optokinetic nystagmus (OKN) that have been studied in detail include the build-up of OKN and eye movements during the steady state, including the velocities and relative movementsof the two eyes during the slow phases. Typically, the slow phase eye velocity accelerates until it reaches a value close to that of the stimulus.This slow phase velocity then continuesas long as the stimulus is maintained. Two phases of the initial acceleration of the response have been described and have been referred to as the immediate and the gradual phase (see Collewijn, 1991 for a review). In the immediate phase, the eyes accelerate rapidly and in the gradual phase the eyes accelerate more slowly to reach a steady state slow phase velocity. Mammals whose eye movements have been studied extensively have been divided into two groups, those with much overlap of the visual fieldsand good binocular vision, and those with laterally placed eyes and little binocular vision. Included in the first group, which have been referred to as "higher" mammals, are primates and cats, while rabbits and rats have been included in the latter group. In "higher"mammals, there is an immediate response of considerable amplitude, especially in primates, following which the eyes accelerate relatively rapidly during the gradual phase. Compared with the rabbit, the conjugation of the eyes is good and, with monocular stimulation, the responses to nasotemporal stimulation are very similar to those to temporonasal stimulation, while, in the rabbit, nasotemporal stimulation is rather ineffective.Au importantrole for the visual cortex in the OKR has been suggested by the fact that, following lesions of the visual cortex, the OK responses of these "higher"animalsbecome comparableto those of rabbits (e.g. Montarolo et al., 1981; Strong et al., 1984; Hamada, 1986; Zee et al., 1987; Tusa et al., 1989; Flandrin et al., 1992) .The OKR in the rabbit appears to be unaffected by visual cortical lesions (Hobbelen & Collewijn, 1971 ).
In the pigmentedrat, the gain of the OKR to monocular 1616 IL J. HARVEYet al.
temporonasal and nasotemporal stimulation is highly. asymmetrical (Cazin et al., 1980; Hess et al., 1985; de'Sperati et al., 1994) , and fewer than 10Yoof the fibres in the optic tracts are uncrossed (Polyak, 1957; Cowey & Perry, 1979) . These observations suggest that the rat is rather similar to the rabbit, and that cortical mechanisms would be of little importancein the OKR. However, there is an immediate rise of eye velocity at the onset of OK stimulation. While its amplitude is rather inconsistent from one report to another, it appearsto be comparablein magnitudewith that of the cat Meier & Dieringer, 1993) and, in the hooded rat, about half the area of the striate cortex is devoted to a binocular representation (Adams & Forrester, 1968) and the binocular overlap of the visual fields of the two eyes is estimated to be 40-60 deg (Sefton & Dreher, 1985) . Moreover, the rat has much better OK responsesthan the rabbit at high stimulusvelocities (Hess et al., ,1988 de'Sperati et al., 1994) and much better conjugation of the eye movements during the slow phases, with both monocularand binocularstimulation.The peak velocities during spontaneoussaccades are much higher than those of the rabbit and human (Chelazzi et al., 1989) .The aim of the presentpaper is to investigatethe initialresponseto OK stimulationand to assessthe importanceof the visual cortex to the OKR and to conjugaticmin the pigmented rat, in relation to responsesevokedboth by binocularand by monocular stimulation.
METHODS
The experiments have been performed on 14 adult pigmented rats (DA-OLA). They were tested with both binocular and monocular horizontal OK stimulation, using both uniform rotation at velocities nominally of 5, 10, 20, 40, 60 and 80 deg/sec and sinusoidalstimulation at frequencies of 0.05, 0.1, 0.3, 0.5, 1 and 2 Hz; at 0.05 and 0.1 Hz, the peak stimulus velocity was 15 deg/sec and at the other frequencies,the peak velocity was 5 deg/ sec. Monocularstimulationwas achievedby patchingone eye with a black cup which was shaped so as to touch the skin of the face but not the eyeball (see de'Sperati et al., 1994) .
In seven animals, a bilateral lesion of the posteriorpart of the cerebral cortex was made 1 month before the beginning of the recording sessions. Surgery was performed using aseptic techniques under general anesthesia obtained with a mixture of ketamine, 100 mg/kg (Ketalar, Bayer) and xylazine, 5 mg/kg (Rompum, Bayer), administered intraperitoneally. Lesions of the cerebral cortex, directed at the occipital areas 1 and 2 (Ocl and OC2, Zilles et al., 1980; Str17 and Str18, Paxinos & Watson, 1982) , were made by suction and a dental acrylic head piece was attached to the skull. After the last recording session, the animals were deeply anaesthetised and the brain perfused with paraformaldehyde. The brains were then serially sectioned at 25pm and stained with toluidineblue to check the extent of the lesions.
To record eye movements, the animal was placed with its head at the centre of a cylindrical screen (radius 57 cm) on which could be projected a random pattern of dots each of which subtendedbetween 2 and 6 deg. The eye movementswere recordedwith the head fixedusing a phase detection coil system (Kasper et al., 1987) . The coil system was calibrated by determining the change of output voltage produced by rotating through 30 deg, in 5 deg steps, coils that were identical to those used on the eyes of the experimentalanimals and that had been fixed to an artificialrat's head placed at the centre of the field coils of the apparatus. Optokineticnystagmuswas elicited by rotation of the dot pattern around a vertical axis at constant velocity, followingan initialaccelerationof the pattern of 500 degi secz. The actual velocities used were calibrated by measuring the time taken for the pattern to complete a fixed number of revolutionsand were found to be about 5% higher than the nominal velocities which are quoted below. The position signals from the two eyes were lowpass filtered and each channel was sampled at 100 Hz. The samples were stored for subsequentanalysis using a computer system. Eye velocities were estimated by aligning by eye a computer generated line to be tangent to that part of the trace being measured, after adjusting the time scale of the display to show the movements clearly. This was found to be more consistent than measuring the velocity from a differentiated record; the noise in the position record led to the differentiated record being very noisy. Initial accelerations were estimated by measuring the eye velocity at two points 100 msec apart, with the first being placed at or close to the onset of eye movement at the beginning of the response. The velocity of the slow phases of the OKN was measured 500 and 1000msec after rotation of the stimulus had started and also after the response had reached a steady state. In the steady state the velocity of each slow phase was measured over as large a range as possible, but excluding the region immediately after the preceding fast phase. The gain was obtained by dividing the slow phase velocityby the (true) stimulusvelocity. In general, results obtained from slow phases that were markedly non-linear were not used.
RESULTS

Extent of lesions
A large area of occipital cortex was removed bilaterally in each operated animal. In only one of these, however, did the lesion involve the entire extent of the visual cortex (areas Ocl and OC2in the atlas of Zilles, 1980) ,as shown in Fig. 1 . In one other animal, the whole of the primary visual area (Ocl) was removed on both sides, and in all cases, only a small fraction of the visual cortex remained. Some damage to regionsof cortex other than the primary visual areas also occurred, as well as lesions of mid-brain structures, which in two animals involvedvery slightdamage to the surface of the superior colliculus, while, in a further three, it involved more extensivedamage to the superficiallayers of the superior colliculus, but without any extension towards the pretectal areas involved in the OKR. In two animals the damage to the superior colliculus was more extensive, and may possibly have affected the pretectal region. The responsesof these latter two animalswere not includedin the detailed analysis of the results described below, but were qualitatively very similar to those of the intact animals and the other five lesioned animals. Figure 2 shows OK responses observed with both eyes exposed to the stimuluspattern. Figure 2 Fig. 2(B) . During a response, the eyes begin to move very shortly after rotation of the stimulus pattern starts.The delay fluctuatesfrom trial to trial and is usually within the range of 100-150 msec, but is occasionallyless than 100 msec. Initially,there is a rapid acceleration, lasting around 100 msec or less, to a velocity in the region of 5 deg/see, as is clear from the high slope of the velocity record at the beginning of the response in Fig. 2(C) . It is also illustrated in Fig. 2(F) , where the interrupted lines indicate the velocity at the beginning of the response and 100 msec later. The change in velocity for the temporonasally stimulated eye is 6.5 deghec, correspondingto an acceleration over this period of 65 deg/sec2.The acceleration,measured as in Fig. 2 (F), is very variable from trial to trial, but can reach around 100 deg/sec2; it is always greater in the temporonasally stimulated eye than in the nasotemporally stimulated eye. For binocular stimulation, it had means in the temporonasallystimulatedeye of 43, 51 and 56 deg/sec2with pattern rotation velocities of 5, 10 and 20 deg/see, respectively. The mean acceleration decreased with higher pattern rotation velocities to about 35 deg/sec2with the pattern rotating at 80 deg/sec. The acceleration of the nasotemporally stimulated eye is lower and averages 64% of that of the temporonasally stimulatedeye. When the velocity of pattern movementis 5 deg/see, the eye velocity at the end of this period of acceleration may exceed that of the pattern, and, in any case, the accelerationoften briefly ceases [see Fig. 2(C) ], or the velocitymay even decreaseslightlyafter this initial acceleration, to be followed by a more gradual acceleration to reach the velocity achieved in the steady state. Because the acceleration is of smaller amplitude in the nasotemporallystimulatedeye, the eyes converge during this phase [see In the steady state, each eye moveswith very nearly the same velocity during the slow phases, so that vergence is well-maintained. When the pattern is not rotating, the eyes usually remain stationary. With repeated shortlasting pattern movementsin either direction, sometimes the eyes become increasinglyconvergent,as in Fig. 2(D) , and in this record, the vergence returns only part way towardsits initialvalue, even when fast phases take place during the fifth and sixth stimulus rotations. Figure 2(E) shows the responses to a long-lasting stimulus in each direction. When the eyes are still accelerating during the first and second slow phases of the response in each direction, the eyes become more convergent. Subsequently, during the steady state, the vergence remains nearly constant during each slow phase, although the 15' --" RD FIGURE2. Responsesto uniformvelocity horizontaloptokineticstimulationwith both eyes uncovered.In (A), (B), (D) and (E), the uppermosttrace representsthe horizontalpositionof the left eye, the secondtrace the horizontalpositionof the right eye, the third trace the relative horizontalpositionsof the two eyes, and the lowest trace the stimulusvelocity. In (C), which is from the same responses as (B), the uppermost trace indicates the horizontal velocity of the left eye, the second trace the horizontal velocity of the right eye and the lowest trace the stimulusvelocity. Note that in (C), the part of the record correspondingto the fast phases has been removed.In (F), which is from the response in the right half of (B), the uppermosttrace represents the left eye horizontal position, the second trace the right eye horizontal position and the lowest trace the stimulus velocity. Stimulus velocities: 10 degkec for (A), (B), (C), (E) and (F); 20 deg/sec for (E). Calibrationsfor eye position and vergence apply to (A), (B), (D), (E) and (F), while the bar represents 15 deg/secfor (C). Timecalibration: 10 sec for(A), (B) and (C); 30 sec for (D) and (E). Time calibrationfor (F) is indicatedon the record. In (E) the interruptedline on the stimulusvelocity trace indicates that the stimulus pattern was turned off so that the animal was in the dark. (A) and (D) were recorded from intact animals and (B), (C), (E) and (F) were recorded from lesioned animals.
Optokinetic responses Responses to binocular stimulation.
vergence may change between one slow phase and the next, with, usually, an appreciableconvergent-divergent shift in vergence with each fast phase. This change of vergence consistsof a convergenceduring the fast phase, with a divergent drift at the beginning of the subsequent slow phase, as described previously (de'Sperati et al., 1994) . If the steady state stimulation is terminated by turning off the stimulus,leaving the animal in the dark, a period of optokinetic after-nystagmus occurs [see Fig. 2(E)], without any sudden drop in eye velocity, such as that observedin primates (Cohenet al., 1977) .We did not observe any consistent shift in the mean position of the eyes at the beginning of the stimulus, such as that described by Meier & Dieringer (1993) .
Responses to monocular stimulation. Figure 3 shows OK responses to monocular stimulation. Figure 3 (A, C) were recorded from lesioned animals and Fig. 3(B) from an intact animal. The pattern of response is somewhat different from that obtained with binocular stimulation, since the stimulated eye always moves faster than the unstimulatedeye, whether it is stimulatedtemporonasally or nasotemporally. The initial acceleration of the temporonasally stimulated eye (measured over 100 msec) is 78%, on average, of that observed when both eyes are viewing the stimuluspattern, but that of the unstimulated eye is much lower, being a mean of 28Y0of that of the stimulated eye, or about one-third of the acceleration of the nasotemporaIlystimulated eye with binocular stimulation.
Under the conditions when the stimulus pattern is rotating nasotemporally with respect to the seeing eye, occasionally an initial phase of moderately rapid acceleration of this eye, up to 20-30 deg/sec2 is seen. More commonly,the eye acceleratesrelativelyuniformly over the first 0.5 sec after the onset of pattern rotation, with a mean acceleration over the first 0.5 sec of about 3 deg/sec2 at low velocities of stimulus rotation. However, at the highervelocitiesof stimulusrotation,the eyes sometimes drift apparently randomly during the first second of stimulus pattern rotation, although sometimes clear responses with an initial phase of relatively rapid acceleration occur. Such responses are very often restricted to the stimulated eye, but occasionally, both eyes show a clear response. The unstimulated eye sometimes drifts, while the stimulated eye does so occasionally,and the movements of the eyes are poorly conjugated.
The relative movements of the eyes means that with temporonasal stimulation, the eyes initially converge, while with nasotemporalstimulation,the eyes diverge,as shown in Fig. 3(A, B) . This relative movement of the eyes persists during the steady state, as shown in Fig.  3(C) . Again, there is often a resetting of the vergence in association with fast phases or spontaneous saccades. However, slow changes in vergence may occur at any time, even during the period when the stimulus is stationary, as indicated by the arrow in Fig. 3(C) ; the seeing eye usually remainsstationary,but the patched eye may drift. Similarly, the eyes may drift in the absence of visual input, as when the stimulus pattern is not illuminated; see the region indicated by the arrow in Fig. 2 
(E).
Eye velocities 0.5 and 1 sec after the beginning of stimulus rotation Figure 4 shows, for the three types of stimulationused, the eye velocities at 0.5 and 1.0 sec after the beginningof the stimulus at the different rotation velocities of the stimulus pattern. It can be seen that with binocular stimulation,the most effective stimulusvelocity,in terms of the eye velocity reached 1 sec after the stimulusbegan, was 20 deg/sec. However, it must be borne in mind that, especially with 5 deghec and, to a lesser extent with 10 degk+ecstimulation, the temporonasally stimulated eye had reached a velocity very close to that of the stimulus by the end of 1 see, which means that the stimulus would no longer be effective in further accelerating the eyes. Indeed, in some trials with 5 deg/ sec stimulation, at 1 sec the eye velocity had slightly exceeded the stimulusvelocity, before falling back to the steady state velocity. There was always an appreciable difference in velocity between the temporonasally stimulated eye and the nasotemporally stimulated eye, with velocity of the nasotemporallystimulatedeye being, on average, approximately 8070of that of the temporonasally stimulatedeye at 0.5 sec and 85fZ0 at 1 sec. Part of this difference is accounted for by the responses evoked by stimulation at 5 deg/sec when the temporonasally stimulated eye reaches, on average, a velocity close to 5 deghec by 0.5 sec and its accelerationceases, while the nasotemporally stimulated eye continues to accelerate [see Fig. 4 (A) and (D)]. As is clear from these figures, with higher stimulus velocities, the difference between the velocities of the two eyes remains almost constant between 0.5 and 1 see, which with the increase in velocity of both, leads to a reduction in the proportional difference. With monocular temporonasal stimulation [ Fig. 4(B) and (E)], the accelerationof the stimulatedeye is between that for the temporonasallystimulatedeye and that for the nasotemporallystimulatedeye with binocular stimulation. The unstimulated eye lags very considerably, reaching an average of only about 5070 of the velocity of the stimulatedeye after 0.5 sec and about60$10 after 1.0 sec. With monocular nasotemporalstimulation, the eye accelerationis much lower than with either of the other forms of stimulation (note the different scales for the ordinatein the differentsectionsof Fig. 4) . Moreover, the responseswere much more variable from trial to trial and from animal to animal.
Gain of the OKR
As has previously been reported, with binocular stimulation, the gain of the slow phase of the OKR remains high and very close to 1.0 for stimulusvelocities up to 40 deg/sec and falls off rather rapidly with increasing velocity at higher stimulus velocities, Following lesionsof the cerebral cortex the behaviourwas identical, as shown in Fig. 5(C) . The velocity of the nasotemporally stimulated eye is always a little lower, on average, than that of the temporonasally stimulated eye, but the difference in velocity is alwaysless than 4%, very similar to that seen in humans(van den Berg& Collewijn,1988) . A slow phase of a response does not usually exceed 20 deg in amplitude, so a difference in velocity of 4% during a slow phase correspondsto a change in vergence of less than 1 deg. With monocular temporonasal stimulation, at pattern velocities less than 40 degkec, the seeing eye followed the stimulus pattern very well, with a gain identical to that seen when binocular stimulationwas used-seeFig. 5. At stimulus velocities of 40 deglsec and above, however, the gain was always less than with binocular stimulation. There was a marked difference of velocity between the two eyes, which decreased with increasing stimulus velocity. With nasotemporal stimulation, the gain was alwaysmuch lower than for the other two modes of stimulation, it decreased with increasing stimulus velocity and the relative movementsof the two eyes were less than with monocular temporonasal stimulation (see Fig. 5 ). In addition,there was a tendency (which was not statistically significant)for the gain to be slightly lower for Iesioned than for control animals.
Responses to sinusoidal movements of the stimulus pattern
Dynamic properties of the dual componentsof the OK system can best be tested by studying the responses to sinusoidal movements of the stimulus pattern at a wide range of frequencies, when the position, velocity and acceleration of the pattern are continuously changing. Figure 6 shows the changes of gain and phase lag with changes in stimulusfrequencyboth for intact animalsand for those with cerebral cortical lesions. The response to sinusoidal movement of the stimulus pattern with both eyes open consists of a sinusoidalmovement of the eyes following the stimulus with, at the lower frequencies, when the amplitude of the movement is large, resetting fast phases when the eyes diverge more than about 10-20 deg from their rest position.At the higher frequencies of stimulation, there were often no fast phases as the stimulus movements and eye movements were of small amplitude. There was sometimes a slight convergent change of vergence at the onset of the stimulus,as shown in Fig. 6 (C), but this was not consistentlypresent. [The stimulus always began at the midpoint of a cycle (when the velocity was maximal), so that there was an initial acceleration of the stimulus that was of a greater magnitude than the peak accelerations that occurred subsequently.]The gain of the response declined as the frequency of the stimulus increased, and there was an increasingphase lag, as shown in Fig. 6 (A) and (B). With monocularstimulation,there was sometimesvery little or no movement of the eyes in response to the stimulus pattern moving in the nasotemporal direction of the seeing eye. This means that the dynamics of the responses could only be determined for the half cycles in which the eyes were stimulated temporonasally.The eyes, therefore, drifted in the temporonasal direction of the seeing eye during the period that the stimulus was applied, with resetting fast phases at intervals, as shown in Fig. 6(F) . As a result of the difference in amplitudeof the movements of the two eyes, there was a cyclical change in vergence at the same frequencyas the stimulus.
There was also sometimes a drift in vergence which was reset at the time of the fast phases [see Fig. 6(F) ]. Since the amplitude of movement of the patched eye was always less than that of the seeing eye, although usually greater than that illustrated in Fig. 6(F) , the gain was lower for this eye and, in addition, the phase lag was somewhat greater than that for the seeing eye [Fig. 6(D) and (E)]. In Fig. 6(D) , it can be seen that the gain with monocularstimulationwas somewhatlower, both for the stimulated and for the unstimulated eye, than it was for the correspondingeye in intact animals. This difference between the responses of control and lesioned animals was not statistically significant (F(5,9) = 5.21, P = 0.06).
DISCUSSION
Steady state gains of responsesto optokineticstimulation
Our findingshave extended the earlier work of and of Meier & Dieringer (1993) on the responsesof the pigmented rat to OK stimulation.These authors found that this animal has a good response to binocularOK stimulationover a wide range of velocities; our previousexperiments (de'Speratiet al., 1994) and the present results have confirmed this. The gains are appreciably higher at the lower rates of stimulation (up to 40 deg/see) than those given by Collewijn (1985) for the cat and rabbit. They are also higher than those given for the stare OKR of humans, and comparableto the look OKR of humans (van Die & Collewijn, 1982; van den Berg & Collewijn, 1988) . These responses of the rat are essentially unaltered by large lesions of the cerebral cortex (see also below). The gains that we have found with monocular nasotemporal stimulation, at least up to 20 deg/see, are higher than those quoted by Hess et al. (1985) , but we have confirmed that the rat has a good steady state response to temporonasal stimulation and that there is a marked nasotemporal-temporonasal asymmetry. With temporonasal stimulation, the values illustratedby Hess et al. (1985) (see their Fig. 8 ) are close to those that we found for the covered eye. This is not surprising, since they recorded movements only of the non-seeing eye. However, it is importantto note that the velocity, and hence the gain, of the seeing eye is considerablyhigher and matches very closely that of the temporonasallystimulated eye during binocular stimulation, as illustrated in Fig. 5 . For nasotemporal stimulation, our gains are considerablyhigher than those of Hess et al. (1985) , especiallyfor the lower stimulusvelocities, but are still low and decline very rapidly with increasing stimulusvelocity. In this case, only part of the difference between our resultsand those of Hess et al. (1985) can be explained by the fact that these authors recorded movements only of the covered eye.
The earlyphase of the optokinetic responses As shown in Fig. 2(C) , early in the response to binocular stimulation,there are two quite distinctphases in which the slope of the velocity record is clearly different.The early phase of the responseis characterised by an accelerationthat is higher than has previouslybeen estimated for the rat Collewijn, 1991) and the rabbit (Collewijn, 1969 (Collewijn, , 1981 Collewijn & Holstege, 1984) . With stimulus rotation velocities of 5 deglsec, the eye velocity at the end of the initial period of rapid acceleration sometimes exceeded the stimulus velocity, and the eye velocity would then fall off a little, although, occasionally, it was still above its steady state velocity 500 msec or 1 sec from the onset of stimulus rotation. Our data, therefore, stronglyindicatethat the rat has an "initial fast rise" [using Collewijn's (1991) nomenclature] or "direct response" (using the nomenclature of Cohen et al., 1977) . Such a conclusion is supportedby experimentsshowingthat in the rat there are two componentsthat are differentlyaffectedby lesionsof the inferior olive , (Hesset al., 1988) and of the flocculus (Lannou et al., 1985) . Moreover, with sinusoidalstimulation, only the responsesto high frequenciesof stimulation are reduced by these lesions.In the guineapig also, a "direct" component has been reported to make a significantcontributionto the initial accelerationof the eyes in response to an OK stimulus (Biral et al., 1992) .
In the steady state, with binocularstimulation,the slow phase velocity of the nasotemporally stimulated eye is only a little lower than that of the temporonasally stimulated eye, but during the initial phases of the response, it lags considerably, showing that the OK mechanisms are acting more rapidly (or more powerfully) on the nasotemporally stimulated eye. The input into the pretectal region via the accessory optic tract is very largely, if not entirely, crossed, so this indicatesthat the OK mechanisms of the left side act more powerfully or rapidly on the right eye and vice versa.
It is interesting that, especially at the lower rates of stimulusrotation,0.5 and 1 sec after the onsetof stimulus rotation, the velocity of the nasotemporally stimulated eye with binocular stimulationis greater than the sum of the velocities of the covered eye with monocular temporonasal stimulation, and of the seeing eye with monocular nasotemporal stimulation. Moreover, the velocity of the temporonasally stimulated eye is higher with binocular than with monocular stimulation. Even though the eyes are rather poorly conjugated at the beginning of the response, this implies that, with binocular stimulation,the nasotemporalstimuluspotentates the movement of the temporonasallystimulatedeye, and vice versa.
Optokinetic mechanisms and pathways
In cats and primates, the initial fast rise is of large amplitude and has been associated with the oculomotor mechanisms for pursuit movements (see Bi.ittner & Bi.ittner-Ennever,1988) , although, even in humans, it has been suggested that there is no clear distinction between the OK and pursuit systemsin the control of eye movements (Wyatt & Pola, 1984) . Such pursuit movements are thought to be of very small amplitude, if present at all, in animals other than primates and to involve the visual and other areas of the cerebral cortex.
In "higher" mammals a gain of the OKR of close to unity is maintained up to high velocities of stimulation (Montarolo et al., 1981; Sparks et al., 1986) , and both eyes move at very nearly the same velocity. For example, in man, there is a 45Z0 higher gain for the eye moving towards the nose. There is also very little asymmetry in the responsesto monocular stimulation(van den Berg & Collewijn, 1988) . These differences from the responses of the rabbit (see Collewijn,1969; Collewijn& Holstege, 1984; Collewijn, 1985) are reduced by cortical lesions (e.g. Montaroloet al., 1981; Zee et al., 1987) .Binocular vision is importantin such "higher"animals (Wood et al., 1973) and it has been proposed that there is a component of the OKR that is dependent on the cerebral cortex, superimposed on those functions carried out by subcortical mechanisms. Followinglesionsof the visual cortex in these species, the gain of the slowphase of OKN and its rate of build-up are reduced at higher stimulus velocities, particularly to nasotemporal stimulation, indicating that the cortical component is dominant at these velocities and with nasotemporalstimulation (Montaroloet al., 1981; Strong et al., 1984; Zee et al., 1987) .In the cat, Hamada (1986) found that there is a higher gain of the OKR in the stimulated eye at low stimulus velocities, although at high velocities there is no significantdifference in gain' between the two eyes, and, linking his results with those of Montaroloet al. (1981) and of Strong et al. (1984) , he suggested that good conjugation depends on the visual cortex. Subsequently,it was reported that conjugationof OK responsesto monocularstimulationwas impaired by cortical lesions (Hamada et al., 1988 ).An importantrole for the visual cortex in the OKR is supported by the findingsof Tusa et al. (1989) and Flandrin et al. (1992) , who both found that the OKR gain and the rate of rise of slow phase velocity were impaired by cortical lesions in this species. In the absence of these pathways, the subcortical mechanisms are unable to maintain good conjugation or produce an adequate response to monocular nasotemporalstimulation.
In the rabbit, cerebral cortical lesionshave no effect on OK responses (Hobbelen & Collewijn, 1971) , which resemble those of the cat with a lesion of the cerebral cortex, both in the asymmetry of the responses to monocular stimulation and the poor conjugation (Collewijn & Noorduin, 1972) ,suggestingthat the sub-cortical mechanisms of the two species are similar. The contributionof the cerebralcortex to the reported"direct" response of the guinea-pig (Biral et al., 1992) is not known.
In the present study, an attempt was made to produce lesions of the visual cortex in seven animals. The visual areas are referred to as areas 17 and 18,or striate areas 17 and 18 (e.g. Paxinos & Watson, 1982) , to correspond with the homologous areas of the human brain in Brodmann's numbering system, even though the cytoarchitectonics of the rat cerebral cortex is different from that of man. These two areas are also referred to as Ocl and OC2, respectively (Zilles, 1980; Zilles et al., 1980) .The (dorsal) lateral geniculate nucleus projects in a highly ordered manner on to area 17 (Ocl), giving rise to the retinotopicmap on the cortex (see Peters, 1985 for a review). In only one of our experimentalanimals were both areas 17 and 18 completelyremoved. In three of the remaining four animalswhose results have been reported above, there was a small amount of area 17 remaining, with some of area 18 in all four animals. Even a remnant of 270of the visual cortex has been reported to be able to carry out pattern recognition (Lashley, 1939) , so the results from these animals must be treated cautiously. However, an importantfindingof the present study is that lesions of the occipital cerebral cortex, including all or the great majority of the visual areas, have no statistically significanteffect on OK responsesin the rat, even in that animal in which the visual areas had been totally removed.
The fact that visual cortex lesions in the rat do not affect OKR, includingthe early phase, in any appreciable way makes it clear that optokinesis in this species depends entirely on subcortical structures, which therefore must be considerably more effective in stabilizing retinal images than those of either the cat or the rabbit. In the rat, as in other species studied, with the possible exception of the rabbit, OK responses have two distinct phaseswith differenttime courses,a fast initialrise of eye velocity followed by a slower build-upto the steady state slow phase velocity. The different phases are accessible to study by using sinusoidal stimuli of different frequency.It is clear that the inferiorolive is an important relay for the initialrapid rise of eye velocity,sincelesions of the inferior olive markedly reduce its amplitude as well as the responses to high frequency sinusoidal stimulation (Hess et al., 1988) . There is also strong evidence that the flocculusis involved both in the initial phase of the response to uniform OK stimulation,as well as the responses to higher frequency sinusoidal stimulation (Cazin et al., 1984; Lannou et al., 1985) . Thus, it appears that in the rat, the two phases are mediated by different structureswithin the nervous system,but unlike in "higher" mammals, both pathways in the rat are subcortical.
